Abstract: Biogas plants are the most complex systems and are heavily studied in the field of renewable energy. A biogas system is mainly influenced by biological and technical parameters that strongly interact with each other. One recommended practice when operating a biogas plant is the recirculation of the substrate from the second fermenter into the first fermenter, which extends the recirculation amount (RA) and, in turn, the recirculation rate (RR). This technique should be applied to support and secure the biogas process. In this investigation, the RA was varied, starting with the recommended "best practice" of 10.0 m 3 /d (RR 40%). Every ten days, the RA was reduced in steps of 1.5 m 3 /d, with 5.5 m 3 /d (RR 27%) being the final value. The basic question to be addressed concerns to what extent the RR influences the methane yield and thereby influence the efficiency of a manure-based biogas plant in practice. Diverting the "best practice" to a RR of 27% stabilised the fermentation process and lead to significantly higher methane yields with smaller standard deviations. In addition, with a reduced RR, the standard optimal acid concentration within the biogas substrate was approximately reached.
Introduction
In today's society and economy, there is high acceptance of biogas as a green energy resource because of increasingly energy-demanding lifestyles [1] and dwindling fossil resources. Therefore, the use of biogas as a renewable energy source based on energy crops and organic residual materials is of high importance [2] , even in the agricultural sector. In addition, biogas technology has been refined through many studies over the last few years. Two main key levers of biogas research can be distinguished: the understanding of microbiological activity and function and the optimization of the engineering performance.
The type of supply and the fermentation temperature are two of the main technical aspects of concern in a biogas plant. Most biogas plants are mainly fed with energy crops and a small amount of manure.
Energy crops, in contrast to manure, have a higher biogas potential, and their production is not coupled with animal farms [1] . However, manure, as by-product of livestock farms, is a central element in the concept of cascaded utilization because crops are not only used as an energy source. Livestock manure also helps to control the stability of the fermentation process [3] . In a first step, they serve as animal feed. They then serve as a substrate for a biogas plant in the second energy level. Even in Germany, biogas plants that are fed with a high percentage of manure, namely, up to 80% and 100%, Connected to this fermenter is a second fermenter designed as a classic round tank with a gastight cover and a 2000 m 3 capacity. The space under the gas-tight cover serves as an integrated gas storage volume, from which the combined heat and power station (CHP) is supplied with biogas by pipelines. Within the storage volume, the biogas of the first and second fermenter is initiated. The system operates in the thermophilic range (50 to 55 °C) and was put into service in October 2012. The present investigation was performed in the summer of 2013. The biogas plant is fed daily with 15 m 3 of fresh substrate consisting of 93% slurry and 7% energy crops (corn silage and grain debris). The resulting substrate mix has a dry matter content of 11.1% (oDM: 5.6%).
Recirculation of the Biogas Substrate
The substrate from the second fermenter can be recirculated into the first fermenter within the biogas plant. The retention time of the biogas substrate within the biogas system is approximately 150 days. For the first 10-12 days, the biogas substrate remains in the first fermenter. As a result, the recirculated substrate from the second fermenter is a mixture of fermented substrate that ranges from 10 to 150 days old and includes microorganisms from every step of biogas synthesis.
For this investigation, four different recirculation amounts (RAs) were examined. As the first step, the recommend "best practice" (RA: 10 m 3 /d; RR 40%) was applied. Over an experimental period of 40 days, the recirculation was reduced to a minimum of 5.5 m 3 /d in steps of 1.5 m 3 /d. Every rate was used for 10 days to allow the microorganisms in the biogas substrate sufficient time for an acclimatation phase and exhibit a visible reaction to the different RAs. After 10 days of one recirculation variation, samples of the biogas substrate were taken from the first fermenter. Every sample was sent to an external accredited laboratory for analysis. The acid contents were determined by an external laboratory using gas chromatography (in-house method). The pH value was analysed by EN 12176:1998 [23] , DM by EN 12880:2000 [24] and oDM by EN 12879:2000 [25] . The methane content was documented every hour using the "BioBasic" analysis section by Fresenius Umwelttechnik GmbH (Herten, Germany). In Table 1 , the experimental details are listed. Through a comparison of the theoretical total substrate input (ST) (standard value for daily feeding) and the actual feedstock (according to business book of the biogas plant, the calculated real fed quantities), it could be demonstrated that the experimental conditions were nearly 100 percent maintained. Connected to this fermenter is a second fermenter designed as a classic round tank with a gas-tight cover and a 2000 m 3 capacity. The space under the gas-tight cover serves as an integrated gas storage volume, from which the combined heat and power station (CHP) is supplied with biogas by pipelines. Within the storage volume, the biogas of the first and second fermenter is initiated. The system operates in the thermophilic range (50 to 55 • C) and was put into service in October 2012. The present investigation was performed in the summer of 2013. The biogas plant is fed daily with 15 m 3 of fresh substrate consisting of 93% slurry and 7% energy crops (corn silage and grain debris). The resulting substrate mix has a dry matter content of 11.1% (oDM: 5.6%).
For this investigation, four different recirculation amounts (RAs) were examined. As the first step, the recommend "best practice" (RA: 10 m 3 /d; RR 40%) was applied. Over an experimental period of 40 days, the recirculation was reduced to a minimum of 5.5 m 3 /d in steps of 1.5 m 3 /d. Every rate was used for 10 days to allow the microorganisms in the biogas substrate sufficient time for an acclimatation phase and exhibit a visible reaction to the different RAs. After 10 days of one recirculation variation, samples of the biogas substrate were taken from the first fermenter. Every sample was sent to an external accredited laboratory for analysis. The acid contents were determined by an external laboratory using gas chromatography (in-house method). The pH value was analysed by EN 12176:1998 [23] , DM by EN 12880:2000 [24] and oDM by EN 12879:2000 [25] . The methane content was documented every hour using the "BioBasic" analysis section by Fresenius Umwelttechnik GmbH (Herten, Germany). In Table 1 , the experimental details are listed. Through a comparison of the theoretical total substrate input (S T ) (standard value for daily feeding) and the actual feedstock (according to business book of the biogas plant, the calculated real fed quantities), it could be demonstrated that the experimental conditions were nearly 100 percent maintained. The RA in proportion to the total substrate input (RR) is approximately 40% in the first RA step and decreased to 27% in the final step (RA: 5.5 m 3 /d) of the investigation. To better compare the various types of biogas plants, the RR was used as the parameter for the following analyses.
Calculation of Organic Loading Rate And Hydraulic Retention Time
The OLR describes the duration that the substrate remains in the fermenter until discharge and is expressed as [kg·VS·m 3 ·d −1 ]. The calculation of the OLR was performed using the following equation (based on [26] ):
In Equation (1) The HRT is calculated in days and is the ratio of the reactor volume (V R ) to the volume of fresh substrate added daily ( . V) [26] :
where HRT is the hydraulic retention time, V R the reactor volume (m 3 ), and .
V is the volume of substrate added daily (m 3 ).
The parameters OLR and HRT strongly interacted with each other. S T decreased with decreasing RA during the investigation. Thus, it can be assumed that a minimization of the OLR can be observed in parallel. Moreover, HRT should concurrently increase because the substrate can remain in the first fermenter for a longer duration.
Results and Discussion
The reduction in the RA of digested substrate from the second fermenter to the first fermenter affected the biological structure and methane output. RAs of 10.0, 8.5, 7.0 and 5.5 m 3 /d were compared using the technical parameters OLR and HRT; methane output and biological parameters such as pH, dry matter (DM) and organic dry matter (oDM) content; and butyric, acetic and propionic acid concentrations.
The calculated OLR and HRT confirm these values to be the most important parameters describing the functionality of the biogas system with regard to the economic viability of the optimized substrate reduction. The OLR increased (Figure 2 ) with decreasing RA, and the HRT (Figure 2 The reduction in the RA caused significant variations amongst the test setups in terms of the OLR and the HRT, in contrast to other studies where the recirculation of the liquid fraction of the digestate did not lead to significant differences [27] .
In comparison to other investigations, the HRT at a RR 40% (RA of 10 m 3 /d) is slightly higher than the recommendations made based on their results. An HRT of 3 d has been suggested [21] , and Chen et al. [28] determined an efficient and smooth operation of a biogas system using an HRT of 1.8 d (OLR 12.5 kg/m 3 /day). In contrast to the HRT, the OLR of Chen et al. is approximately 10 times higher than that of this investigation (Figure 3 ). In contrast to the technical parameters OLR and HRT, the differences in terms of efficiency, gas output (m 3 /d) ( Figure 3 ) and energy output (kWh/d) ( Figure 4) were not pronounced.
The boxplots in Figure 3 (also in Figures 4 and 5 ) describe the terms between the 25% and 75% percentile. The black line in the middle of the boxplots defines the median.
The lines above and below the boxplots show the highest as well as the lowest values measured. Values that were categorized as statistical outliers are signified with circles. In Figure 4 also an extreme value can be seen, marked with a little star. In contrast to the technical parameters OLR and HRT, the differences in terms of efficiency, gas output (m 3 /d) ( Figure 3) and energy output (kWh/d) ( Figure 4) were not pronounced.
The boxplots in Figure 3 (also in Figures 4 and 5) describe the terms between the 25% and 75% percentile. The black line in the middle of the boxplots defines the median.
The lines above and below the boxplots show the highest as well as the lowest values measured. Values that were categorized as statistical outliers are signified with circles. In Figure 4 also an extreme value can be seen, marked with a little star. Nevertheless, both parameters can be fixed so that the RA does not provoke a data break-out, even though there are significant differences amongst the four rates. In practice, it can be assumed that the RA has no major influence on efficiency and economic profit. In contrast, the measurements of the methane content in the biogas showed highly significant variations with the RA levels ( Figure 5 ). At an RA of 8.5 m 3 /d, the methane content reached its highest average level of 52.6% (σ = ±1.18%). In this example, the OLR is 1.52 kg·VS/m 3 /d, and the HRT is 4.65 d.
The studies by Babaee and Shayegan [29] and Estevez et al. [30] found the highest methane content at an OLR of approximately 1.4 to 1.5 kg·VS/m 3 /d and are therefore comparable to our results.
The lowest methane content (51.5%) was measured at a RR 40% (RA 10 m 3 /d). The OLR here was at a maximum of 1.67 kg·VS/m 3 /d, and the HRT was 4.21 d. In addition, the spread of the values decreased with decreased RA. This results in a more secure fermentation process, and the actual RR, defined as best practice (40%; RA 10 m 3 /d), should be reduced.
To examine the possible causes, data of the various biological parameters should be combined with data of the technical parameters. In Figure 6 , the dry matter (DM) and organic dry matter (oDM) contents are presented for all RRs. A decreased substrate input causes the DM and oDM contents of the biogas substrate to decrease. As mentioned in Table 1 , the ratio of the SR to the ST is high, namely, one third of the substrate used in fermentation is based on the recirculated biogas substrate. With the lowest RR, 13% less substrate input was measured. With higher DM and oDM contents, the recirculated substrate was found not only to dilute the mature but also to be an important source of fermentation material.
Energies 2017, 10, 325 7 of 11
Nevertheless, both parameters can be fixed so that the RA does not provoke a data break-out, even though there are significant differences amongst the four rates. In practice, it can be assumed that the RA has no major influence on efficiency and economic profit. In contrast, the measurements of the methane content in the biogas showed highly significant variations with the RA levels ( Figure  5 ). At an RA of 8.5 m 3 /d, the methane content reached its highest average level of 52.6% (σ = ±1.18%). In this example, the OLR is 1.52 kg·VS/m 3 /d, and the HRT is 4.65 d.
To examine the possible causes, data of the various biological parameters should be combined with data of the technical parameters. In Figure 6 , the dry matter (DM) and organic dry matter (oDM) contents are presented for all RRs. A decreased substrate input causes the DM and oDM contents of the biogas substrate to decrease. As mentioned in Table 1 , the ratio of the SR to the ST is high, namely, one third of the substrate used in fermentation is based on the recirculated biogas substrate. With the lowest RR, 13% less substrate input was measured. With higher DM and oDM contents, the recirculated substrate was found not only to dilute the mature but also to be an important source of fermentation material. Further examining the fermentation of the organic material, the biogas process can be separated into four main stages. During acidogenesis and acetogenesis (the second and third stage), organic acids were the main end products and were used as raw materials for the last stage, methanogenesis, where methane is produced as an end product.
During this investigation, we demonstrated that an increasing RR results in lower concentrations of various organic acids ( Figure 7 ) and leads to a positive effect on the acid concentration as well as in the pH-regulation. The acetic-acid content varies between 3.5 and 1.2 g/L and is 50% lower at a RR of 27% (RA 5.5 m 3 /d) compared to a RR of 40% (RA 10.0 m 3 /d).
The acetic acid content of the biogas fermentation should be <3.0 g/L, the propionic acid content should be <0.6 g/L, and the butyric acid content should be <0.05 g/L [31] . In contrast, Gourdon and Vermande [32] claimed that a propionic acid content of up to 6.0 g/L has no toxic effect on the methanogenesis based on their investigation. Overall, the propionic acid content should not be higher than 50% of the acetic acid content. This is justified by the fact that propionic acid cannot be recovered by methanogens. Otherwise, a malfunction in the biogas process could result [31] . Further examining the fermentation of the organic material, the biogas process can be separated into four main stages. During acidogenesis and acetogenesis (the second and third stage), organic acids were the main end products and were used as raw materials for the last stage, methanogenesis, where methane is produced as an end product.
The acetic acid content of the biogas fermentation should be <3.0 g/L, the propionic acid content should be <0.6 g/L, and the butyric acid content should be <0.05 g/L [31] . In contrast, Gourdon and Vermande [32] claimed that a propionic acid content of up to 6.0 g/L has no toxic effect on the methanogenesis based on their investigation. Overall, the propionic acid content should not be higher than 50% of the acetic acid content. This is justified by the fact that propionic acid cannot be recovered by methanogens. Otherwise, a malfunction in the biogas process could result [31] . The propionic acid concentration decreases by 60% from 2.13 g/L (RR 40%) to 1.3 g/L (RR 27%), and the butyric acid content decreases by 23% from 0.13 g/L (RR 40%) to 0.03 g/L (RR 27%). When comparing the propionic acid concentration to the acetic acid content, the 50% difference proposed by KTBL [31] could not be observed for every recirculation rate. The propionic acid content is almost equal to the acetic acid concentration, and for RRs of 32% and 27%, the content is even higher. Only at a RR of 36% is the optimal relationship obtained. As a consequence, the methanogenesis process could be disturbed. Munk et al. [16] stated that acidification reactions at low OLRs may occur. This is in line with our own results and the observed imbalance of the acetic acid concentration with the propionic acid content. However, it should be noted that from the beginning, at a RR of 40%, the acetic acid and propionic acid contents are imbalanced. The results of other authors demonstrate that a positive effect can be achieved based on the RR via dilution, the lack of volatile fatty acid inhibition and better pH regulation [21] .
Exceeding of the optimal acid concentration for fermentation is also observed based on the measured pH values for all four RAs. Normally, the optimal pH value for thermophilic biogas plants is approximately 6.5 to 7.5 [8, 33] . During this investigation, the pH value of the biogas substrate was approximately 7.9 to 8.1 (Figure 8 ). There was no significant decrease or increase in pH observed based on changes in the RA. Zuo et al. [18] recognised that the pH decreases with increasing OLR. This observation could not be confirmed by this investigation. Generally, it should be noted that the measured pH is above the optimal value, with a tendency to be basic. Moreover, the anticipated effect of the dilution of the substrate within the first fermenter with increased RR was not observed. The propionic acid concentration decreases by 60% from 2.13 g/L (RR 40%) to 1.3 g/L (RR 27%), and the butyric acid content decreases by 23% from 0.13 g/L (RR 40%) to 0.03 g/L (RR 27%). When comparing the propionic acid concentration to the acetic acid content, the 50% difference proposed by KTBL [31] could not be observed for every recirculation rate. The propionic acid content is almost equal to the acetic acid concentration, and for RRs of 32% and 27%, the content is even higher. Only at a RR of 36% is the optimal relationship obtained. As a consequence, the methanogenesis process could be disturbed. Munk et al. [16] stated that acidification reactions at low OLRs may occur. This is in line with our own results and the observed imbalance of the acetic acid concentration with the propionic acid content. However, it should be noted that from the beginning, at a RR of 40%, the acetic acid and propionic acid contents are imbalanced. The results of other authors demonstrate that a positive effect can be achieved based on the RR via dilution, the lack of volatile fatty acid inhibition and better pH regulation [21] .
Exceeding of the optimal acid concentration for fermentation is also observed based on the measured pH values for all four RAs. Normally, the optimal pH value for thermophilic biogas plants is approximately 6.5 to 7.5 [8, 33] . During this investigation, the pH value of the biogas substrate was approximately 7.9 to 8.1 (Figure 8 ). There was no significant decrease or increase in pH observed based on changes in the RA. Zuo et al. [18] recognised that the pH decreases with increasing OLR. This observation could not be confirmed by this investigation. Generally, it should be noted that the Energies 2017, 10, 325 9 of 11 measured pH is above the optimal value, with a tendency to be basic. Moreover, the anticipated effect of the dilution of the substrate within the first fermenter with increased RR was not observed. Recalling the positive trend followed by the methane concentration of the biogas resulting from the decreased RR, it should be noted that a high acid concentration did not have a negative effect on the methane yield of the investigated biogas plant. However, with the decreasing acid content approaching the optimal range and the required ratio of acetic acid to propionic acid, the fermentation process was observed to have stabilized based on the increasing methane content and smaller variations in the concentrations.
The second question concerning the use of the RR as a control mechanism could not be clearly answered based on the results generated using the various parameters. The RR was found to have a significant influence on the main technical as well as biological parameters. The concentrations of the most important acids decreased during fermentation at lower recirculation rates. Thus, the RR can be used to control the acid contents within a certain framework without the use of other critical additives.
Conclusions
Starting with a RR of 40%, which is the standard recommendation ("best practice"), the RA was decreased by 1.5 m 3 every ten days for a total of four times. A significant change in OLR and HRT could be observed in addition to the anticipated negative correlation of OLR to HRT. However, the use of the RR as a control mechanism for biogas parameters cannot be recommended.
Because of the decreased RR, a stabilisation of the fermentation process could be obtained, and an increasing methane yield and smaller variations in the measured terms were observed. The acid concentrations were analysed as a possible reason for these results. During this investigation, the acid concentrations were higher than the optimal levels. An approximation of the optimum concentration could be obtained with decreased recirculation.
Using a combination of the measured parameters (OLR, HRT, methane content, acid concentration) and a comparison based on varying the RR, the proposed so-called "best practice" could not be confirmed with our results. A RR of 27% provided the best efficiency for this investigated biogas plant.
